A known principle in which triphenylphosphine is allowed to be oxidized by hydroperoxides to triphenylphosphine oxide, was developed into an analytical method for determination of hydroperoxide content in light mineral oils using GCMSdetection and quantification. By suitable choice of reagent solution solvents and internal standard, the method proved to be simple to apply and very rugged. For a series of oven-aged oil samples the developed method gave results with a satisfactory correlation to an established iodometric method (which also gave a higher standard deviation). A mechanistic explanation for interference of high concentrations of added aldehydes on measurements was also suggested, but it was found that the interference is of no practical consequence for oxidized oil samples.
Introduction
It has long been recognized that organic matter is constantly under threat of degradation by peroxidation, i.e. autooxidation by atmospheric oxygen mediated by radical chain reactions of organic peroxides. [1] [2] [3] To control and prevent this destructive effect is important both in technical applications of hydrocarbon liquids (e.g. lubricants) 4 and in food preparations containing lipids of biological origin. 5, 6 For simple systems the mechanisms and effects are well established and even synergistic effects of co-oxidation of simple mixtures of compounds are fundamentally understood. 7 However, for more complex systems like mineral oils (lubricants) and fuels, the knowledge is limited 4 partly due to a lack of effective analytical methods. The elementary steps of hydrocarbon autooxidation are shown in Fig. 1 . Hydroperoxides play a central role in this chemistry because they are the initial semi-stable products of hydrocarbon autooxidation. The radical chain reactions of hydroperoxides and peroxides that inevitably follow (peroxidation) lead ultimately to familiar oxygenated hydrocarbon derivatives such as alcohols, keto-compounds and carboxylic acid derivatives (and CO2) via radical terminations and subsequent radical and/or non-radical pathways.
At least in the area of technical oils and greases, oxidation stability and the effects of antioxidants have generally only been judged against one of the ultimate products of hydrocarbon oxidation, i.e. carboxylic acids. 11, 12 The reason for this is the ease with which one can determine acidity by acid/base titration. However, for many applications it is of potential interest to determine the very earliest signs of oxidation, i.e. the first oxidation products which are of course hydroperoxides. There are a variety of redox (titration or voltamery) methodologies for determination of hydroperoxides that have been applied for vegetable oils, 13 biofuels 14, 15 and jet fuel. 16, 17 In the most established method hydroperoxides are allowed to oxidize iodide ion to iodine which is the determined by colorimetric titration with thiosulfate using starch as indicator (e.g. ASTM D 3703-99). However, there is also a published method in which triphenylphosphine (TPP) is oxidized and the corresponding oxide (triphenylphosphine oxide, TPPO) which was then originally quantified by gravimetry or titration, 18 but later by the use of gas chromatography. [19] [20] [21] The aim of the project reported here was to utilize the chemical mechanisms of the TPP-method for development of a simple to perform, GCMS-based, hydroperoxdide determination method primarily for light mineral oils and vegetable oils used for electrical insulation (transformer oil). It was also recognized that such a method could equally well be applied to liquid fuels or lubricating oils. The dynamic range of the method should be so wide that only one reagent solution concentration is necessary to cover all interesting ranges of peroxide content from new to very severely aged oils. The latter is also the main reason for utilization of GCMS (nowadays a standard type of instrument) as the SIM (Single Ion Monitoring)-technique enables good detection and quantification even in the very complex matrixes of aged mineral oils. Furthermore, the method should be based on internal standard (IS) technique as this provides much better reproducibility over time. It has previously been established that when using such a method the presence of aldehydes, one Fig. 1 Elementary steps in hydrocarbon autooxidation (simplified). 8, 9 Formation of hydroperoxides 10 is the key to the complex set of reactions that follows. 4 432 ANALYTICAL SCIENCES MARCH 2009, VOL. 25 of the products of hydrocarbon peroxidation (through b-scission of alkoxy radicals), 4 can lead to over-determination of hydroperoxide content. 21 Therefore a secondary goal of the project was to examine whether aldehydes would significantly influence measurement results, and if possible, explain why.
Experimental

Materials and chemicals
All solvents and chemicals were purchased from SigmaAldrich Europe. The solvents and acids were of PA or HPLCquality and used as received. Cumene hydroperoxide (88%) was freshly ordered and stored cold. All other chemicals used were of the highest purity available; potassium iodide (≥99.5%), sodium thiosulfate (99.99%), soluble starch (PA), triphenylphosphine (TPP, 99%), triphenylphosphine oxide (TPPO, ≥98%), triphenylphosphine sulfide (TPPS, ≥98%), fluorene (≥99%), sulfur (99.98%) and benzaldehyde (≥99.5%). Spirals of electro-grade (>99.9%) copper wire (diameter 1.5 mm) were purchased from Normalab (14 Rue des Lilas, F-76210 Lintot, France).
Iodometric titration method for determination of peroxide content
This well-established titrimetric method was used in experiments to verify the GCMS/TPP-method during development. The method used is a slightly modified version of ASTM D 3703-99 (for aviation turbine fuel), originally designed for use of 1,1,2-trichloro-1,2,2 trifluoroethane (Freon TF) as solvent. Due to environmental concerns and regulations it was replaced with chloroform. Hydroperoxides are allowed to oxidize iodide to iodine in the presence of a catalytic amount of an acid and the formed iodine is then titrated with a thiosulfate solution, all according to reaction Eqs. (1) and (2).
ROOH + 2I
-+ 2H + ae AE I2 + ROH + H2O (1) 2Na2S2O3 + I2 ae AE 2NaI + Na2S4O6 (2) (5), where d is the density of the oil (g/mL).
GCMS/TPP method for determination of peroxide content
The two reagent solutions for hydroperoxide analysis were prepared as follows.
Reagent I: About 4 g TPP (CAS# 603-35-0) and 0.3 g fluorene (IS, CAS# 86-73-7) were dissolved in chloroform to a volume of 50 mL and the concentrations were then calculated exactly. The concentrations should be <270 mM TPP and ca. 35 mM fluorene. This will cover a sample hydroperoxide concentration of up to at least 60 mM.
Reagent II: 1.3 g sulfur was dissolved in chloroform to a volume of 100 mL.
The analyte sample was prepared directly in a GC-vial (1.5 mL): 250 mL of Reagent I was added to 1 mL oil, shaken vigorously and left to react for 10 min. Then 250 mL of Reagent II was added and the vial shaken vigorously. After 15 min the sample could be analyzed. The analysis was performed with a single quadrupol GCMS (HP/Agilent) in SIM mode with internal standard (IS) method. TM capillary column VF-5ms (inert, relatively nonpolar, low-bleed, high temperature resistant Me/Ph-derivatized polysiloxane). Carrier gas was helium. Injection volume was 1 mL with a split ratio of 500:1. Injector temperature was 250˚C. Quantification was performed using the peak area for TPPO relative to the peak area for the internal standard. Most modern GCMS-software can be programmed to perform such quantification automatically once standard curves have been established. For the work reported here the ChemStation TM software from Agilent was used. Standard curves for TPPO (CAS# 791-28-6), TPPS (CAS# 3878-45-3) and IS on the instrument were established prior to analysis. The standard solutions of TPPO and TPPS were prepared in concentrations so that the individual standard samples in turn could be prepared directly in the GC-vials by syringe addition of standard solution, pure solvent and a fixed volume of a chloroform solution containing fluorene (IS). From a practical perspective it was found that storage of the two reagent solutions in septum capped serum bottles after nitrogen bubbling, prolonged the useful lifetime of the solutions. Even so, it is necessary to check the state of especially Reagent I on a regular basis to ensure that TPP has not been oxidized. Failure to do so may lead to an erroneous measurement of TPPO and hence an inaccurate determination of the hydroperoxides. In the chromatogram there should be only three peaks (the oil may cause a wide hump which does not affect area integration of the analyte peaks). These peaks correspond to IS, TPPO (used for quantification) and TPPS (control to check that enough TPP was added). If a peak corresponding to TPP shows up, it is a sign that the sulfur solution was either to weak or the reaction time to short. There is an alternative way to measure the hydroperoxides by measuring the disappearance of the reagent. This can be an option when the content of TPPO is lower than LOQ (limit of quantification) but higher than LOD (limit of detection). The content of TPPS can be subtracted from the known content of TPP that was added to the sample. LOD is defined as the lowest concentration of a specific analyte that can be detected with a method and an instrument. LOQ is the lowest concentration of a specific analyte that is in the dynamic (linear) range of the calibration measurement. Although one can define these entities in relation to the signal to noise ratio (S/N which was found to be 2406 for TPPO in SIM-mode), it is generally better to perform real experiments to establish LOD and LOQ. Here experiments were performed in which a solution of TPPO in chloroform was incrementally diluted with chloroform (and a standard amount of IS added) until the practical limits were reached on analysis. This gave at hand LOD <0.0003 mM and LOQ <0.5 mM for TPPO in chloroform. However, the useful LOQ in the complete analysis procedure of an oil is more dependent on the quality of the TPP reagent which is sensitive to air oxidation. Even the solid material should be stored under argon according to the manufacturer, and solutions are best kept in sealed bottles under nitrogen (vide supra).
Oven-aging of oil samples
This is a variant of a common test method for oxidation stability of mineral oils (such as e.g. Open Beaker Test ASTM D 1934-95), and it has also recently been used in a study on how mineral oil oxidation products affects copper corrosion. 22 The presence of copper accelerates the oxidation of hydrocarbons such as mineral oils. 23 Glass beakers (200 mL) were each filled with 170 g very highly refined oil (severely hydrotreated sulfur free) light (8 cSt) naphthenic mineral base oil suitable for production of electrical insulating oil. 23 A copper spiral (10 g) was added to each beaker. The open beakers were placed in an oven (with a fan) at 80˚C and the samples were allowed to oxidize for a predetermined period of days before it was taken out for analysis. Two beakers were prepared for every time period and from every beaker two determinations of hydroperoxides with the two methods above were performed.
Benzaldehyde addition experiment
One part TPP (by weight) was dissolved in two parts benzaldehyde (neat) and the mixture was left over night at room temperature. The reaction mixture was diluted 100 times with chloroform and injected into the GCMS using the same injection/temperature programming as above, but in MS SCANmode.
Results and Discussion
Development of the GCMS/TPP-method
The principal for hydroperoxide determination with TPP 20,21 is shown in Fig. 2 . TPP is oxidized to TPPO by one equivalent of hydroperoxide (which is reduced to the corresponding alcohol). The amount of hydroperoxides in the sample is therefore equivalent to the amount of TPPO which is formed. The excess TPP is then allowed to react with molecular sulfur to form TPPS. This is an insurance against over determination caused by possible subsequent reaction of TPP by oxygen (air).
The choice of the solvent for the reagents is critical. In the previously published method for determination of hydroperoxides in fuels, toluene was used, 21 in which case the authors deemed it necessary to filter the solvent through alumina to remove peroxides which would otherwise interfere with the analyte determination. We found that in practice this is in fact not necessary if reasonably fresh bottles of high quality toluene is used (peroxide content was very small). In principle it is also possible to add a small quantity of a radical stabilizer (such as BHT or a similar hindred phenol) to high quality toluene to prevent formation of hydroperoxides. A low concentration of such compounds is not likely to change the total hydroperoxide concentration as their main function is to stabilize peroxy radicals, preventing further chain reactions. However, for the present work the choice of solvent finally fell on chloroform. There are three reasons for this choice. Firstly, chloroform is rather stable to oxidation. Secondly, it dissolves mineral oils readily even if they are very severely aged and oxidized (as opposed to e.g. toluene). Thirdly (and most importantly), chloroform dissolves sulfur and TPPS in very high concentrations. This is important as we wanted single reagent solutions to cover very low to very high analyte hydroperoxide content in our laboratory aged samples. It appears that the range of hydroperoxide content of interest in insulating oils is both wider and higher than for fuels, at least in laboratory experiments. For routine analysis of in-service oils (which have much lower peroxide content) the somewhat more environmentally benign solvent dichloromethane can be used. It can be argued that the addition of the sulfur reagent is superfluous, but it ensures that even if a long time passes between sample preparation and analysis (say e.g. waiting in the autosampler of a GCMS), the available unoxidized TPP is very small and can therefore not give a false indication of hydroperoxide content due to available molecular oxygen in the sample vial. The choice of internal standard is also critical. It should have both a high response to the mass selective detector (so that a small quantity can be used) and high solubility in the mixed medium of aged oil and reagent/product solutions. Furthermore, it should be unlikely to interact with hydroperoxides/peroxy radicals and be commercially available in analytical purity. After deliberations, the choice fell on the use of a larger aromatic molecule, fluorene. It was found that it did not pose any chromatographic interference problems in the short GC temperature program even in samples of severely aged oils, and it worked well in practice. To confirm the accuracy of the method a very highly refined mineral naphthenic oil was doped with varying amounts of one of the few commercially available hydroperoxides in non-aqueous solution, i.e. cumene hydroperoxide. The results from these determinations are shown in Fig. 3 . Here it is apparent that at least in this idealized case (doped non-aged mineral oil), the correlation between the calculated and the measured hydroperoxide concentration is very good. The error (shown here as relative standard deviation, i.e. the ratio of standard deviation to mean value) appears to be non-systematic and random, and within about 5%. Together with the low LOD and LOQ (vide supra), these results give a good indication that the method itself is robust within a wide dynamic range conservatively set to 0.5 -60 mM of hydroperoxide content.
Comparison of the GCMS/TPP-method with the iodometric titration method
The two methods we describe here both have their merits, but the obvious disadvantage of the iodometric titration method is the need to handle several rather sensitive solutions of reagents. The published method also stipulates the use of large volumes of 1,1,2-trichloro-1,2,2 trifluoroethane. The use of this Freontype solvent, which cannot form hydroperoxides, was indeed convenient but cannot be accepted nowadays. We had to make do with other solvents and our choice fell on chloroform which has similar stability and solubility characteristics as the Freon and it will dissolve even severely oxidized oils (vide supra).
When the measurements performed with both methods on the same oxidized samples are compared (Fig. 4) , it is striking how well the results agree. It is only towards the end the two methods give significantly different results. It should be noted that at this point a lot of the material had evaporated from the open beakers and the measured results are therefore of much less comparative value. Even so, these results supports previous findings that peroxide content in hydrocarbons under autooxidation initially increases and then falls off as other oxidation products (such as acids) starts to form. 17 The relative standard deviation for the GCMS/TPP-method is lower over almost the entire measured range (except for the lowest concentration). The fact that the deviations for the two methods show the same general curve shapes suggests that the errors occurred independent of hydroperoxide determinations, for example in weighing of the oil samples or are effects of evaporation. This has to be taken into account when the considering the correlation between the results of the two methods, which is nevertheless surprisingly good. With the exception of one value (for 25 days) the relative standard deviation for the GCMS/TPP-method keeps within about 5% (0 day also gives slightly higher deviation), i.e. similar to the results for hydroperoxide doped oil (Fig. 3) . The fact that the measured results from methods that rely on totally different reactions are in close agreement also shows that potential bireactions in both methods are not posing any problems in reality. For the iodometric method one such bi-reaction might be reaction of liberated iodine with olefins produced from the oxidation processes, 24 but at least at low levels of oxidation this does not seem to be a problem here. A potential problem for the GCMS/TPP-method also involves the reactivity of olefins, albeit in a more secondary manner. Olefins readily form epoxides (or oxiranes) under the influence of peroxycarboxylic acids. 25 This is known as the Prilezhaev reaction and is in fact the usual preparative procedure for epoxides. 26 Peroxycarboxylic acids are formed from hydroperoxides and carboxylic acids, i.e. two of the oxidation products of hydrocarbons. It is well known that epoxides have the ability to oxidize phosphines to phosphine oxides under formation of alkenes.
27,28
It can therefore be argued that although hydroperoxides can be masked as epoxides, Fig. 3 Comparison of theoretical and measured concentrations of cumene hydroperoxide in a doped mineral oil. The correlation (R 2 ) is very good, and the relative standard deviation (RSD) lies within about 5% for this data set where each measured concentration is the average of three independent determinations on separate samples. The doped concentration was calculated from the original purity of the cumene hydroperoxide (88%). Fig. 4 The top graph shows a comparison of the hydroperoxide content of oven-aged oil determined by iodometric tritration method and the GCMS/TPP-method. The acidity of the oil samples is also plotted. Each value in the graph is the average of two independent determinations on two separate samples for both methods (i.e. four determinations per value). The middle graph shows the relative standard deviation (RSD) for the same measurements, and the bottom graph shows the correlation between the results obtained by the two methods.
the GCMS/TPP-method will reveal the true hydroperoxide concentration. This effect may account for the higher values of hydroperoxide content from the GCMS/TPP-method compared to the iodometric results towards the end of the aging period (Fig. 4) , but an effect on either method of the high acidity of the samples cannot be ruled out.
Interaction between aldehydes and TPP
Another related problem with the GCMS/TPP-method that has been discussed by previous workers is that it appears to be sensitive to the presence of aldehydes (or ketones). 19, 21 We too found that peroxide readings will be too high if e.g. a significant amount of benzaldehyde (excess compared to peroxide content) is added to samples. This implies transfer of oxygen from aldehydes/ketones to phosphines, i.e. in effect a redox reaction. Perkel et al. 19 suggested that this may be due to formation of epoxides from two aldehyde moieties.
In the case of benzaldehyde this would generate stilbene oxide (1) . This brings us right into the old debate, still ongoing, 29 about the mechanism of the Wittig reaction, 30 i.e. the reaction of phosphonium salts with keto-functions to form olefins (under formation of TPPO). Armed with a GCMS we put this theory to the test (see Experimental). On analysis the resulting chromatogram (SCAN-mode) showed presence mainly of benzaldehyde, TPP and TPPO (as expected), but not a trace of stilbene oxide. However, there were three weak but identifiable (NIST EI/MS-database) peaks early in the chromatogram (Fig. 5) . These three peaks were found to correspond to cis-and trans-stilbene (2) and benzil (3) . We believe that these observations can be accounted for by a variant of the mechanism that Perkel et al. 19 suggested for the formation of 1 (Fig. 6 ). Here TPP adds to benzaldehyde to form a zwitterionic intermediate which undergoes a proton shift before adding to another molecule of benzaldehyde. The resulting intermediate 4 would rearrange to 5, after which an internal SN1-reaction would lead to elimination of TPPO and formation of the epoxide 1 (so far in accordance with Freidin et al.). As stated above it is well known that TPP (of which there was a large excess in this experiment) readily reduces epoxides to olefins under formation of TPPO. This would explain the formation of cis-and transstilbene (2). The lack of stereo selectivity is probably due to the mechanism of formation of 1. We also suggest that the formation of benzil (3) can be rationalized in terms of elimination of TPP from intermediate 4 to form benzoin (6), which is readily oxidized to benzil (likely by air in the reaction vessel, or in the GCMS under heating). This is in effect a phosphine catalyzed benzoin condensation, a reaction that is normally performed with cyanide ion or thiazolium salts as catalysts. 31 In all, this would lead to production of TPPO in the presence of aldehydes which could explain the overdetermination of peroxides in cases of very high concentrations of aldehydes. The potential problem here is of course that one of the oxidation products of hydrocarbons is aldehydes. However, there is no such apparent effect in the results from the oven-aged oils (compared to the titrimetric method), and the detected product peaks are very low compared to the peak for TPPO indicating that the process involving aldehydes is very inefficient.
Conclusions
A method to determine hydroperoxide concentration in light mineral oil was successfully developed in which TPP is allowed to be oxidized to TPPO which is subsequently quantified against the internal standard fluorene by GCMS operating in SIMmode. Excess TPP is allowed to react with sulfur to afford an analytical sample inert to further oxidation. Experiments with non-aged mineral oil doped with cumene hydroperoxide and hydroperoxide determinations in oven-aged oils gave at hand that the method has a dynamic range of 0.5 -60 mM hydroperoxides with a determination error of less than 5%. For practical reasons we chose to base the determination on volume (of oil) rather than on weight, which is more common. Peroxides can react further in several fashions, some of which deliver one oxygen atom and others two oxygen atoms. Therefore we have used the molar concentration of peroxides, which is unambiguous as opposed to the more common way of expressing peroxide content as weight of active oxygen per weight of material (ppm). It was also concluded that although aldehydes (benzaldehyde) can apparently interact with TPP to generate TPPO, it was not found to be an actual problem in oxidized oils. The newly developed method was compared to an established titrimetric method. The two methods gave very similar results for the oven-aged oils. The large sample volume of the titrimetric method is a clear drawback. We envision that this type of measurements could be useful for laboratory scale development of antioxidant systems for hydrocarbon liquids. Repeated sampling of the same body of liquid over a period of time would then be carried out. If as much as 50 g is needed for one sample, then the liquid body would have to be very large indeed if the overall volume should be kept approximately constant over an extended experimental period. It is much easier to imagine an experimental set up which can handle repeated losses of the 1 mL of material needed for GCMS/TPP. This volume can also easily be reduced. The simplicity of the equipment needed speaks in favor of the titrimetric method. Utensils of volume measurements such as flasks and burettes are naturally orders of magnitude cheaper than a GCMS-system. However, from a purely technical standpoint the GCMS/TPP method is superior. The only real drawback is the possibility of contamination of the GC and the ion source of the MS from the relatively concentrated injection samples. Since SIM-technique is utilized for the hydroperoxide determination this is not a real problem as long as a decent level of maintenance is kept.
